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Abstract 

The  formation  of  a  low  Cr- volatility  and  electrically  conductive  oxide  outer  layer  atop  an  inner  chromia  layer  via  thermal  oxidation  is  highly 
desirable  for  preventing  chromium  evaporation  from  solid  oxide  fuel  cell  (SOFC)  metallic  interconnects  at  the  SOFC  operation  temperatures.  In 
this  paper,  a  number  of  ferritic  Fe-22Cr  alloys  with  different  levels  of  Mn  and  Ti  as  well  as  a  Ni-based  alloy  Flaynes  242  were  cyclically  oxidized  in 
air  at  800  °C  for  twenty  100-h  cycles.  No  oxide  scale  spallation  was  observed  during  thermal  cycling  for  any  of  these  alloys.  A  mixed  Mn203/Ti02 
surface  layer  and/or  a  (Mn,  Cr)304  spinel  outer  layer  atop  a  Cr203  inner  layer  was  formed  for  the  Fe-22Cr  series  alloys,  while  an  NiO  outer  layer 
with  a  Cr203  inner  layer  was  developed  for  Haynes  242  after  cyclic  oxidation.  For  the  Fe-22Cr  series  alloys,  the  effects  of  Mn  and  Ti  contents 
as  well  as  alloy  purity  on  the  oxidation  resistance  and  scale  area  specific  resistance  were  evaluated.  The  performance  of  the  ferritic  alloys  was 
compared  with  that  of  Haynes  242.  The  mismatch  in  thermal  expansion  coefficient  between  the  different  layers  in  the  oxide  scale  was  identified 
as  a  potential  concern  for  these  otherwise  promising  alloys. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

One  of  the  recent  significant  advancements  in  solid  oxide  fuel 
cell  (SOFC)  development  is  the  reduction  of  its  operating  tem¬ 
perature  from  about  1000  °C  to  the  range  of  600-800  °C  [1-6], 
which  widens  the  materials  choice  for  stack  components  such  as 
the  interconnect.  Metallic  interconnects  have  gained  more  and 
more  attention  to  supplant  traditional  LaCrCL  -based  intercon¬ 
nects  in  recent  years  [7-10]  due  to  their  advantages  over  the 
ceramic  materials  including  lower  cost,  easier  processing,  bet¬ 
ter  workability,  improved  mechanical  strength,  higher  electronic 
conductivity  (the  ohmic  losses  in  the  metallic  interconnect  can 
be  neglected),  higher  thermal  conductivity  (more  uniform  heat 
distribution),  etc. 

Metallic  interconnects  studied  so  far  include  Cr-based 
[11-13],  Fe-based  [14-16]  and  Ni-based  [17-19]  alloys.  In  fact, 
almost  all  the  candidates  for  metallic  interconnects  are  chromia- 
forming  alloys  because  of  the  electrically  conductive  nature  of 
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Cr2C>3,  as  compared  to  AUO3  and  SiC>2,  which  are  insulating 
[20,21].  However,  the  chromia-forming  alloys  have  an  inherent 
weakness  related  to  the  Cr  volatization  primarily  in  the  form 
of  CrC>3  and  CrCUfOHE  generated  from  Cr203  evaporation  in 
the  SOFC  operating  environments  [22].  The  volatile  Cr  species 
could  migrate  to  and  poison  the  cathode,  resulting  in  signifi¬ 
cantly  reduced  cathode  activity  and  subsequent  degradation  of 
the  SOFC  performance  [23-26].  Therefore,  the  formation  of  a 
stable,  electrically  conductive  and  low  Cr-volatility  oxide  outer 
layer  atop  the  chromia  is  highly  desirable  to  reduce  or  block 
the  vaporization  of  chromia.  Indeed,  one  commercial  alloy  Cro- 
fer22  APU  has  been  recently  developed  for  SOFC  interconnect 
applications,  which  upon  thermal  exposure  forms  a  double-layer 
oxide  structure  with  (Mn,  Cr)304  spinel  as  the  outer  layer  and 
&2O3  as  the  inner  layer  [27]. 

In  this  paper,  a  series  of  Fe-22Cr  alloys  with  compositions 
similar  to  Crofer22  APU  are  investigated.  The  aims  of  this  study 
are  to  determine  the  effect  of  alloy  purity  as  well  as  Mn  and  Ti 
contents  on  the  oxidation  behavior  and  the  scale  area  specific 
resistance  (ASR)  of  the  Fe-22Cr  alloys,  and  to  compare  the  per¬ 
formance  of  these  alloys  with  commercial  ferritic  alloys  such  as 
Crofer22  APU  and  Ebrite.  In  addition,  a  Ni-based  alloy  Haynes 
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Table  1 

Chemical  compositions  of  the  alloys  (wt.%) 


Ni 

Fe 

Cr 

Mo 

Mn 

Co 

Si 

A1 

Ti 

C 

S 

La 

Ebrite 

Balanced 

26 

1 

0.01 

0.025 

0.001 

0.02 

Crofer22  APU 

Balanced 

22 

0.45 

0.1 

0.08 

0.005 

0.002 

0.06 

#1 

Balanced 

22 

0.4 

0.3 

<0.002 

<0.001 

#2 

Balanced 

22 

0.7 

0.3 

<0.002 

<0.001 

#3 

Balanced 

22 

0.45 

0.06 

<0.002 

<0.001 

0.08 

#4 

Balanced 

22 

0.45 

<0.002 

<0.001 

0.08 

#5 

Balanced 

22 

0.45 

0.06 

<0.002 

<0.001 

Haynes  242 

Balanced 

2a 

8 

25 

0.8a 

2.5a 

0.8a 

0.5a 

0.03* 

a  Maximum. 


242  is  included  in  the  evaluation,  which  exhibits  a  relatively  low 
coefficient  of  thermal  expansion  (CTE)  and  a  potential  to  form 
an  NiO  outer  layer  atop  a  chromia  inner  layer  upon  thermal 
exposure  [28].  The  potential  of  these  alloys  as  intermediate- 
temperature  SOFC  interconnects  will  be  discussed  based  on  the 
experimental  results. 

2.  Experimental 

Eight  alloys,  seven  ferritic  alloys  and  one  Ni-based  alloy, 
were  selected  in  this  study  and  the  compositions  are  listed  in 
Table  1  (all  the  compositions  given  in  this  paper  are  in  wt.%). 
Ebrite  is  a  commercial  alloy  based  on  Fe-26%  Cr  steel  with 
about  1  %  Mo  and  a  trace  amount  of  Mn,  while  Crofer22  APU 
is  a  recently  developed  interconnect  alloy  with  22%  Cr,  0.45% 
Mn,  0.08%  Ti  and  0.06%  La.  Alloys  #1-5,  which  were  made 
in  our  laboratory  via  arc-melting/drop  casting  followed  by  hot 
and  cold  rolling  to  1  mm  thick  sheets,  are  similar  in  composition 
to  Crofer22  APU  with  different  levels  of  Mn  and  Ti  additions. 
Ultra-high  purity  raw  materials  were  used  for  making  Alloys 
#1-5.  As  shown  in  Table  1,  the  quantitative  analysis  indicated 
that  the  impurities  such  as  carbon  and  sulfur  in  Alloys  #1-5 
were  much  lower  than  the  commercial  alloys.  The  alloy  spec¬ 
imens,  of  1  cm  x  1  cm  x  1-2  mm  in  size,  were  ground  to  800 
grits  using  SiC  sand  papers,  followed  by  ultrasonic  cleaning  in 
acetone.  The  cyclic  oxidation  test  was  carried  out  in  air  in  a 
box  furnace  where  specimens  were  hung  in  alumina  crucibles. 
Each  cycle  consisted  of  100  h  at  800  °C,  followed  by  air  cooling 
to  room  temperature.  The  specimens  were  cycled  to  20  cycles 
which  corresponded  to  a  cumulative  oxidation  time  of  2000  h. 
The  phase  structure  of  the  oxide  scale  was  determined  by  X-ray 
diffraction  (XRD).  The  scale  morphology  was  observed  using 
scanning  electron  microscopy  with  an  energy-dispersive  X-ray 
analysis  attachment  (SEM/EDX). 

The  ASR  of  the  oxide  scales  formed  on  these  alloys  after  the 
oxidation  test  was  measured  from  500  to  800  °C  using  the  two- 
probe  four-point  method,  as  described  previously  [29].  Two  of 
the  oxidized  surfaces  were  covered  with  Pt  paste  (the  diameter 
of  the  covered  circular  area  was  0.78  cm),  and  two  Pt  meshes 
each  with  two  Pt  leads  were  placed  on  the  top  of  the  paste  for 
current  collection.  After  firing  of  the  paste,  a  constant  current 
was  applied  across  two  Pt  leads  using  a  current  source,  and  the 
corresponding  voltage  across  the  other  two  Pt  leads  was  mea¬ 
sured  using  a  multimeter.  In  this  experiment,  the  variation  of 


voltage  across  the  specimens  under  different  currents  ranging 
from  1  to  100  mA  was  verified  to  follow  Ohm’s  law  exactly, 
which  indicated  that  the  interfacial  polarization  was  negligible 
within  the  applied  current  range.  A  constant  current  of  10  mA 
was  used  in  the  measurement.  The  electrical  resistance  was  cal¬ 
culated  according  to  Ohm’s  law,  R  =  V/2I,  where  I  is  the  current 
(10  mA)  applied  to  the  specimen  through  two  Pt  leads  and  V  is 
the  voltage  drop  across  the  sample  measured  with  the  other  two 
Pt  leads.  A  factor  of  2  was  included  to  account  for  the  fact  that  the 
voltage  drop  was  measured  across  two  oxide  scales.  The  ASR 
was  equal  to  R  multiplied  by  the  area  covered  by  the  Pt  paste. 

3.  Results 

3.1.  Oxidation  kinetics 

Fig.  1  shows  the  mass  changes  of  all  the  alloys  during  cyclic 
oxidation  in  air  at  800  °C.  It  is  apparent  that  the  mass  gain  of 
Alloy  #2  was  the  largest  among  these  alloys,  close  to  that  of 
Alloy  #1,  and  slightly  larger  than  that  of  Alloy  #4.  The  weight 
gain  of  Alloy  #5  was  almost  the  same  as  that  of  Crofer22  APU, 
and  slightly  higher  than  that  of  Alloy  #3 .  The  mass  gain  of  Ebrite 
was  the  smallest  among  the  ferritic  alloys  used  in  this  study  and 
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Fig.  2.  XRD  patterns  of  the  oxidized  Fe-22Cr  series  alloy  coupons. 

similar  to  that  of  Haynes  242.  The  weight  of  Ebrite  had  a  trend 
to  drop  after  1500h  because  of  chromium  evaporation  from  the 
Cr2C>3  scale  formed  on  the  alloy  surface.  In  comparison,  the 
mass  of  Haynes  242  was  almost  constant  after  the  initial  stage 
of  oxidation.  No  oxide  scale  spallation  was  observed  for  any  of 
these  alloys  after  the  cyclic  oxidation  test. 

3.2.  Phase  structure  and  morphology  of  the  oxide  scales 

The  XRD  patterns  of  the  oxide  scales  formed  on  the  Fe-22Cr 
series  alloys  after  20  cycles  are  presented  in  Fig.  2.  The  oxide 
scales  developed  on  these  alloys  consisted  mainly  of  &2O3  and 
(Mn,  Cr^Oa  except  that  TiCF  was  formed  on  Alloys  #1  and  #2 
and  Crofer22  APU,  and  Mm03  was  also  detected  for  Alloys  #1 
and  #2.  Fig.  3  indicates  that  the  oxide  scale  formed  on  Haynes 
242  after  20  cycles  was  composed  of  NiO,  Cr203  and  (Mn, 
Cr)3C>4.  A  relatively  pure  CT2O3  scale  was  established  on  the 
Ebrite  coupon.  As  shown  in  Fig.  2,  for  the  Fe-22Cr  series  alloys, 
a  relatively  larger  amount  of  Ti  addition  led  to  the  formation  of 
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Fig.  3.  XRD  patterns  of  the  oxidized  Ebrite  and  Flaynes  242  coupons. 


TiC>2  on  the  surface.  For  example,  after  cyclic  oxidation  the 
surface  morphology  of  the  coupon  of  Alloy  #1  containing  0.3% 
Ti  was  different  from  that  of  Alloy  #4  which  is  free  of  Ti,  as 
shown  in  Fig.  4.  For  Alloy  #1,  the  oxide  top  layer  consisted  of 
TiC>2  and  MmCb,  while  only  (Mn,  Cr^Oa  was  detected  on  the 
surface  of  Alloy  #4. 

In  order  to  verify  the  oxide  phase  locations  within  the  oxide 
scale  formed  on  Alloy  #1,  one  coupon  after  the  20-cycle  expo¬ 
sure  was  slightly  polished  step  by  step,  and  the  XRD  patterns 
were  obtained  after  each  step,  as  shown  in  Fig.  5.  It  is  clear 
that  for  Alloy  #1,  Mn203  and  TiCh  were  on  top  of  the  (Mn, 
Cr)3C>4  spinel  layer  beneath  which  was  the  Q2O3  inner  layer. 
Cross-sectional  views  of  the  oxide  scales  formed  on  the  different 
alloys  after  20  cycles  are  shown  in  Fig.  6.  The  cross-sectional 
distribution  of  the  various  oxides  in  the  thermally  grown  scale  on 
Alloy  #1  was  similar  to  that  on  Alloy  #2.  As  shown  in  Figs.  4-6a 
and  b,  the  oxide  scales  formed  on  Alloys  #1  and  #2  consisted 
of  a  very  thin  top  layer  of  Mn203  and  TKD2,  a  thin  sub-layer 
of  (Mn,  Cr)3C>4  spinel  and  a  relative  thick  &2O3  inner  layer  in 
contact  with  an  internal  oxidation  zone  of  mainly  TiCF  particles. 

The  oxide  scale  formed  on  Alloy  #3  was  similar  to  that  on 
Alloy  #5  as  shown  in  Fig.  6c  and  e:  the  exterior  layer  was  (Mn, 


Fig.  4.  Surface  morphologies  of  the  oxidized  coupons:  (a)  Alloy  #1  and  (b)  Alloy  #4. 
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Fig.  5.  XRD  patterns  of  the  oxidized  coupon  of  Alloy  #1 :  (a)  without  polishing, 
(b)  after  slight  surface  polishing,  (c)  after  further  polishing  and  (d)  after  complete 
removal  of  the  surface  oxide  scale. 

Cr)304  and  the  inner  layer  was  CnCL  which  was  followed  by 
internal  oxide  particles  of  TiCL.  The  oxide  scale  formed  on  Alloy 
#4,  as  shown  in  Fig.  6d  had  a  double-layer  structure,  close  to  that 
formed  on  Alloys  #3  and  #5,  except  that  no  internal  oxidation 
was  observed,  as  this  alloy  was  free  of  Ti.  In  addition,  a  double¬ 
layer  oxide  structure  consisting  of  a  spinel  outer  layer  with  a 
small  amount  of  Ti02  particles  and  a  Ct^Cb  inner  layer  was 
also  formed  on  Crofer22  APU  as  shown  in  Fig.  6f.  The  oxide 
scale  thermally  grown  on  Haynes  242  was  composed  of  an  NiO 
top  layer  and  a  Cr2C>3  inner  layer  with  certain  amount  of  (Mn, 
Cr)304;  in  addition,  some  ALO3  particles  were  observed  under¬ 
neath  the  Cr2C>3  scale,  as  shown  in  Fig.  6g.  It  should  be  noted 
that  the  thickness  of  the  NiO  outer  layer  was  not  very  uniform. 
For  Ebrite,  only  a  single  G2O3  layer  was  formed,  as  shown  in 
Fig.  6h.  It  is  conspicuous  that  no  voids  were  observed  at  the 
interface  of  the  oxide  scale  and  alloy  substrate  for  Alloys  #1-5. 
However,  some  voids  existed  between  the  &2O3  layer  and  alloy 
substrate  for  Crofer22  APU  and  Ebrite. 

3.3.  ASR  of  the  oxide  scales 

The  scale  ASR  for  different  alloys  is  plotted  in  Fig.  7.  For 
the  Fe-22Cr  series  alloys,  the  scale  ASR  for  Alloys  #1  and  #2 
was  almost  the  same,  while  the  scale  ASR  for  Alloy  #3  was 
similar  to  that  formed  on  Crofer22  APU.  For  the  Fe-22Cr  series 
alloys,  the  effect  of  Ti  content  in  the  alloys  on  the  scale  ASR 
is  obvious:  the  higher  the  Ti  content  is  in  the  alloys,  the  lower 
the  scale  ASR.  As  an  example,  the  scale  ASR  for  Alloys  #1  and 
#2  was  lower  than  that  of  the  scale  for  Alloy  #3  and  Crofer22 
APU,  although  the  oxide  scale  formed  on  Alloys  #1  and  #2  was 
thicker  than  that  on  Alloy  #3  and  Crofer22  APU,  as  shown  in 
Fig.  6.  The  Ti  content  in  Alloy  #3  was  the  same  as  that  in  Alloy 


#5,  but  the  scale  ASR  for  Alloy  #3  was  lower  than  that  for  Alloy 
#5  because  the  oxide  scale  formed  on  Alloy  #3  was  thinner  than 
that  on  Alloy  #5.  The  scale  ASR  for  Alloy  #4  which  was  free  of 
Ti  was  the  highest  among  the  Fe-22Cr  series  alloys. 

The  effect  of  Mn  content  on  the  scale  ASR  for  the  Fe-22Cr 
alloys  was  not  noticeable.  The  scale  ASR  for  Alloy  #1  with  0.4% 
Mn  was  very  close  to  that  for  Alloy  #2  with  0.7%  Mn.  The  scale 
ASR  for  Ebrite  was  similar  to  that  of  Crofer22  APU,  although 
it  had  a  thinner  oxide  scale  than  Crofer22  APU.  The  scale 
ASR  for  Haynes  242  was  the  lowest  among  all  the  investigated 
alloys. 

4.  Discussion 

4.1.  Oxidation  resistance 

The  effect  of  Mn  and  Ti  contents  on  the  oxidation  kinetics  of 
the  ferritic  alloys  is  significant.  The  higher  the  contents  of  Mn 
and  Ti  are  in  the  alloys,  the  larger  the  weight  gain.  This  is  most 
likely  due  to  the  high  diffusivity  of  Ti  and  Mn  ions  in  chromia 
which  accelerates  the  oxidation  rate  of  these  alloys  [30,31].  As 
shown  in  Fig.  1  and  Table  1,  the  mass  gain  of  Alloy  #2  was  the 
largest  among  these  alloys  and  slightly  higher  than  that  of  Alloy 
#1.  However,  the  mass  gain  of  Alloy  #4  without  Ti  was  higher 
than  that  of  Alloy  #3  containing  minor  Ti  (0.06%).  The  reason  is 
not  clear,  and  might  be  due  to  the  complex  interaction  between 
Mn,  Ti  and  La.  The  mass  gain  of  Ebrite  was  the  lowest  among 
the  ferritic  alloys  because  it  contained  a  highest  amount  of  Cr, 
only  a  trace  amount  of  Mn,  and  was  free  of  Ti. 

Minor  La  addition  improved  the  oxidation  resistance  of  the 
ferritic  alloys  via  the  so-called  reactive  element  effect  [32].  For 
example,  the  mass  gain  of  Alloy  #3  with  0.08%  La  was  slightly 
lower  than  that  of  Alloy  #5  without  La.  In  addition,  the  compo¬ 
sition  of  Alloy  #3  was  almost  the  same  as  that  of  Crofer22  APU, 
but  the  oxidation  rate  of  Alloy  #3  was  slightly  lower  than  that 
of  Crofer22  APU.  This  might  result  from  the  high  alloy  purity 
of  Alloy  #3.  As  shown  in  Table  1,  the  impurities  such  as  carbon 
whose  content  in  Alloy  #3  was  less  than  that  in  Crofer22  APU, 
could  have  a  detrimental  effect  on  the  oxidation  resistance  [33]. 
Furthermore,  compared  to  Ebrite  and  Crofer22  APU,  the  inter¬ 
face  between  the  oxide  scale  and  alloy  substrate  for  Alloys  #1-5 
was  free  of  voids,  which  again  is  likely  related  to  the  high  alloy 
purity. 

Although  the  Cr  content  in  Haynes  242  was  lower  than  that 
in  Ebrite,  these  two  alloys  exhibited  similar  oxidation  kinetics. 
This  might  result  from  the  fact  that  a  dense  Cr203  scale  was 
formed  on  both  of  them.  The  formation  of  an  NiO  top  layer  will 
increase  the  oxidation  rate  of  Haynes  242,  while  the  lower  dif¬ 
fusion  coefficient  of  Cr  in  the  Ni-Cr  system  than  in  the  Fe-Cr 
system  [34]  is  expected  to  have  an  opposite  effect  on  the  oxida¬ 
tion  rate  of  Haynes  242. 

4.2.  Oxide  structure  and  oxidation  mechanism 

From  Figs.  2  and  4-6,  the  oxide  outer  layer  in  the  scale  formed 
on  Alloys  #1  and  #2  consisted  of  a  mixed  Ti02/Mn203  top  layer 
and  a  (Mn,  CO3O4  sub-layer,  while  the  outer  layer  formed  on 
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Fig.  6.  Cross-sections  of  the  oxidized  alloy  coupons:  (a)  Alloy  #1,  (b)  Alloy  #2,  (c)  Alloy  #3,  (d)  Alloy  #4,  (e)  Alloy  #5,  (f)  Crofer22  APU,  (g)  Haynes  242  and  (h) 
Ebrite. 


Alloys  #3-5,  and  Crofer22  APU  was  mainly  comprised  of  (Mn, 
Crj  AU.  The  XRD  patterns  in  Fig.  5  and  the  surface  morphology 
in  Fig.  4a  indicate  that  Ti02  was  formed  in  the  outermost  layer 
in  the  oxide  scale  because  of  high  mobility  of  Ti  ions  in  O2O3 
[30].  Initially,  the  Cr203  layer  growth  is  governed  by  outward 


solid-state  diffusion  of  the  Cr  cationic  vacancies.  Ti  induces  the 
creation  of  additional  cationic  vacancies  in  the  Cr2C>3  layer  when 
Ti  ion  replaces  Cr  ion  [35,36].  The  cationic  vacancy  increase  in 
the  Cr2C>3  layer  will  induce  faster  Cr  diffusion  and  subsequently 
a  higher  oxidation  rate  [37]. 
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Fig.  7.  The  scale  ASR  of  the  oxidized  alloy  coupons. 


Table  2 


Physical  properties  of  some  oxides 


Oxide 

CTE  (25-1000  °C)x 

10~6  (°c-‘) 

Electrical  resistivity 
(£2  cm) 

C12O1 

9.6 

100  at  800  °C 

Mn1.5Cr1.5O4 

7.5 

20  at  800  °C 

NiO 

14 

5-7  at  900  °C 

Ti02 

7-8 

100  at  900  °C 

Mn203 

- 

0.7-1  at  800  °C 

resulting  in  the  formation  of  the  CriCL  inner  layer.  Simultane¬ 
ously,  a  small  amount  of  (Mn,  Cr)304  spinel  was  produced  due 
to  the  rapid  diffusion  of  Mn  ions  in  the  Ct‘203  layer.  As  shown 
in  Fig.  1,  the  oxidation  for  Haynes  242  was  faster  than  that  for 
Ebrite  during  the  beginning  stage  of  oxidation  as  a  result  of  the 
NiO  formation. 

4.3.  Electrical  properties  of  the  oxide  scales 


The  reduced  oxidation  resistance  of  the  alloys  containing  Ti 
and  Mn  could  also  be  partially  attributed  to  the  influence  of 
Mn  in  the  alloys.  Mn  ion  diffuses  faster  than  Cr3+  via  Cr3+- 
lattice  sites  in  Cr203  [31],  which  leads  to  the  enrichment  of 
Mn  at  the  oxide  scale/air  interface  and  the  subsequent  forma¬ 
tion  of  an  (Mn,  Cr^Oa  spinel  layer  over  the  Cr203  layer.  From 
Figs.  5  and  6a  and  b,  it  is  obvious  that  a  thin  layer  of  mixed 
MmCT?  and  TiCL  was  formed  atop  the  (Mn,  Cr)304  spinel  layer 
for  Alloys  #1  and  #2.  Most  likely,  a  higher  Ti  content  further 
promoted  the  outward  diffusion  of  Mn  ions  in  Cr203  [31],  lead¬ 
ing  to  the  co-precipitation  of  Mn203  with  TiC>2  over  the  (Mn, 
Cr)304  spinel  layer  [38].  Since  this  top  layer  is  Cr-free,  it  is 
potentially  beneficial  in  further  mitigating  the  Cr  evaporation 
from  the  interconnect  alloy. 

During  high  temperature  oxidation,  outward  diffusion  of 
metal  cations  such  as  Cr,  Ti  and  Mn  ions  is  simultaneously 
accompanied  by  inward  diffusion  of  oxygen  anions  across  a  ther¬ 
mally  grown  oxide  scale.  Since  metals  or  alloys  typically  have  an 
appreciable  solubility  for  oxygen  [39],  oxygen  can  dissolve  into 
the  alloy  substrate  near  the  oxide  scale  through  diffusion  along 
the  fast  diffusion  paths  such  as  grain  boundaries,  and  react  with 
the  alloying  elements  that  have  higher  oxygen  affinity  to  form 
an  internal  oxidation  zone.  As  Ti  has  the  highest  affinity  with 
oxygen  among  all  the  alloying  elements  in  the  Fe-22Cr  series 
alloys,  TiCL  particles  were  formed  underneath  the  Cr203  scale 
as  the  internal  oxidation  products  indicated  in  Fig.  6a-c  and  e, 
which  also  contributed  to  the  mass  gain  of  the  Fe-22Cr  alloys 
containing  Ti. 

The  oxide  scale  grown  on  Haynes  242  consisted  of  an  NiO 
outer  layer  and  a  &2O3  inner  layer  with  some  (Mn,  Cr)304 
spinel,  as  indicated  in  Figs.  3  and  6g.  During  the  beginning 
stage  of  oxidation,  Ni  rather  than  Cr  was  oxidized  due  to  a  low 
Cr  content  in  the  alloy,  leading  to  the  formation  of  an  NiO  outer 
layer.  Upon  the  establishment  of  the  NiO  layer,  the  oxygen  par¬ 
tial  pressure  at  the  interface  between  the  NiO  and  alloy  substrate 
became  sufficiently  low  to  promote  the  selective  oxidation  of  Cr, 


For  the  ferritic  alloys,  although  the  oxidation  resistance  of 
the  Fe-22Cr  series  alloys  including  Crofer22  APU  was  inferior 
to  that  of  Ebrite,  the  ASR  of  the  oxide  scales  formed  on  some  of 
them  was  comparable  to  that  of  Ebrite.  As  shown  in  Fig.  7,  the 
scale  ASR  for  Alloys  #1  and  #2  was  lower  than  that  for  Ebrite, 
and  the  scale  ASR  for  Alloy  #3  and  Crofer22  APU  was  similar  to 
that  for  Ebrite.  The  scale  ASR  for  Alloy  #3  was  lower  than  that 
for  Alloy  #5,  which  is  due  to  the  fact  that  the  oxide  scale  formed 
on  Alloy  #5  was  thicker  than  that  on  Alloy  #3  which  had  a  small 
amount  of  La  addition  to  improve  its  oxidation  resistance. 

The  oxide  scales  formed  on  Alloys  #1  and  #2  were  the  thick¬ 
est  amongst  these  alloys;  their  scale  ASR,  however,  was  lower 
than  that  of  the  remaining  ferritic  alloys.  As  discussed  above, 
Ti  addition  in  the  ferritic  alloys  not  only  accelerated  the  oxi¬ 
dation  of  these  alloys  due  to  fast  diffusion  of  Ti  cations  across 
the  Cr2C>3  layer  but  also  promoted  outward  diffusion  of  Mn 
ions  in  the  Cr203  layer,  resulting  in  the  formation  of  a  mixed 
MmC^/TiCL  surface  layer  and/or  a  (Mn,  CU3O4  spinel  layer 
over  the  Cr203  layer.  The  composition  of  the  spinel  layer  formed 
on  the  Fe-Cr-Mn  alloys  was  found  to  be  close  to  Mn1.5Cr1.5O4 
[40],  Table  2  lists  some  physical  properties  for  the  various  oxides 
[41-45]  that  might  exist  in  the  oxide  scales  formed  on  the  alloys 
studied  in  this  paper.  As  shown  in  Table  2,  the  electrical  resis¬ 
tance  of  the  mixed  MmC^/TiCE  and/or  spinel  layer  can  be 
ignored  compared  to  the  CnCb  inner  layer,  as  both  Mn2C>3 
and  Mni  5G4  5O4  possess  significantly  higher  electrical  con¬ 
ductivity  than  Cr2C>3,  while  TiCL  has  a  slightly  higher  electrical 
resistance  than  CT2O3 ;  furthermore,  the  outer  layer  is  much  thin¬ 
ner  than  the  Cr203  inner  layer,  as  shown  in  Fig.  6. 

The  lower  scale  ASR  values  for  Alloys  #1  and  #2  can  be 
attributed  to:  (1)  a  lower  electrical  resistance  of  the  Cr203  scale 
formed  on  these  two  alloys  than  that  on  the  other  ferritic  alloys 
and  (2)  a  lower  contact  resistance  between  the  Pt  current  col¬ 
lector  and  Mn203/Ti02  than  that  between  Pt/(Mn,  CD3O4  and 
Pt/Ci'203.  The  &2O3  scale  formed  on  these  two  alloys  was 
doped  with  a  saturated  amount  of  TiCF  as  the  Ti  ions  diffused 
outward  across  the  Cr203  layer  [46,47]  and  the  TiCL-doped 
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Cr2C>3  had  a  higher  electrical  conductivity  than  pure  Cr2C>3  [48]. 
Therefore,  even  though  Ti  addition  increased  the  oxidation  rate 
of  the  Fe-22Cr  series  alloys,  it  improved  the  electrical  conduc¬ 
tivity  of  the  oxide  scales  formed  on  these  two  alloys.  Overall, 
the  higher  the  Ti  content  is  in  the  alloys,  the  lower  the  scale 
ASR:  the  scale  ASR  for  Alloys  #1  and  #2  with  0.3%Ti  was 
lower  than  that  for  Alloy  #3  containing  0.06%  Ti  and  Crofer22 
APU  with  0.08%  Ti;  the  scale  ASR  for  Alloy  #4  free  of  Ti  was 
the  highest  among  these  alloys.  Furthermore,  the  formation  of  a 
mixed  Mn203/Ti02  surface  layer  was  beneficial  in  lowering  the 
scale  ASR  because  of  the  extremely  low  electrical  resistivity  of 
Mn2C>3  in  the  mixed  oxide  layer  (as  listed  in  Table  2)  and  possi¬ 
bly  lower  contact  resistance  between  Pt  and  Mn203.  While  the 
TiCF  particles  formed  on  the  surface  of  Alloys  #1  and  #2  were 
discontinuous,  the  TiCF  particles  could  become  interconnected 
and  form  a  continuous  layer  with  further  outward  diffusion  of  Ti 
ions  after  longer  term  oxidation.  If  that  were  the  case,  a  contin¬ 
uous  TiCF  layer  might  increase  the  scale  ASR  due  to  its  slightly 
higher  electrical  resistivity  than  Cr203,  as  shown  in  Table  2. 

Although  the  oxide  scale  formed  on  Ebrite  was  thinner  than 
that  on  Crofer22  APU,  the  scale  ASR  for  Ebrite  was  close  to  that 
for  Crofer22  APU.  The  lower  scale  ASR  for  Crofer22  APU  could 
be  explained  by:  (1)  the  formation  of  the  electrically  conductive 
(Mn,  OJ3O4  spinel  outer  layer  and  subsequently  reduced  con¬ 
tact  resistance  between  Pt  and  (Mn,  Cr^Oa  and  (2)  the  increase 
in  electrical  conductivity  of  Cr203  due  to  TiC>2  doping.  In  addi¬ 
tion,  a  significant  amount  of  voids  existed  between  the  oxide 
scale  and  Ebrite  substrate,  which  might  increase  the  resistance 
to  electrical  conduction  for  this  alloy.  As  listed  in  Table  1,  the 
sulfur  content  in  Ebrite  was  higher  than  that  in  the  Fe-22Cr 
series  alloys.  These  voids  might  have  resulted  from  the  sulfur 
in  the  alloys  that  tends  to  segregate  to  the  oxide  scale/substrate 
interface,  hence  deteriorating  the  scale  adherence  [49]. 

From  Fig.  7,  the  scale  ASR  for  Haynes  242  was  the  low¬ 
est  among  all  the  alloys.  Even  though  the  thickness  of  the  oxide 
scale  formed  on  Haynes  242  was  similar  to  that  on  Ebrite  (Fig.  6g 
and  h),  the  oxide  outer  layer  for  Haynes  242  was  NiO,  which 
possesses  an  electrical  resistivity  almost  two  orders  of  magni¬ 
tude  lower  than  that  of  Cr203  [45]  (see  Table  2).  Therefore,  the 
electrical  resistance  of  NiO  may  be  ignored  compared  to  &2O3 
and  the  contact  resistance  between  the  Pt  and  the  oxide  scale 
may  be  reduced  due  to  the  presence  of  the  NiO  layer,  leading  to 
the  lower  scale  ASR  for  Haynes  242. 

4.4.  Concern  about  thermal  expansion  mismatch 

Even  though  the  Ti02/Mn203  and/or  (Mn,  Cr)304  layers 
formed  over  the  CT2O3  inner  layer  could  reduce  the  Cr  evap¬ 
oration  from  the  ferritic  alloys,  one  concern  with  these  oxides  is 
their  thermal  expansion  behavior.  As  shown  in  Table  2,  while  the 
CTE  for  Mn203  is  currently  not  available,  the  CTEs  of  Ti02  and 
Mn3.5Cr1.5O4  are  7-8  x  Kr6oC_l  [43]  and  7.5  x  lCT^C-1 
[42],  respectively,  which  are  noticeably  lower  than  that  of  &2O3 
(9.6  x  10~6  °C_1)  [43]  and  ferritic  steels  (9-12  x  Hr6oC_1) 
[50].  Such  CTE  mismatch  might  contribute  to  their  eventual 
spallation  after  longer  term  cyclic  oxidation,  therefore  losing 
their  function  in  blocking  the  chromium  from  evaporation. 


While  Haynes  242  exhibited  a  better  performance  than  the 
ferritic  alloys  with  regard  to  the  oxidation  resistance  and  scale 
ASR,  the  CTE  of  NiO  is  14  x  10-6  °C_1,  which  is  much  higher 
than  that  of  Cr203  (9.6  x  10-6  °C_1)  (as  shown  in  Table  2)  and 
is  close  to  that  of  Haynes  242  (12-14  x  Hr6°C_1)  [28],  The 
NiO  and  &2O3  layers  might  spall  off  after  long-term  cyclic 
oxidation,  due  to  the  large  CTE  mismatch  between  the  NiO  and 
&2O3 .  Indeed,  some  localized  detachment  of  the  NiO  layer  from 
the  Cr203  scale  was  occasionally  observed  on  the  cross-section 
of  the  cyclically  oxidized  Haynes  242  coupon. 

In  summary,  both  Haynes  242  and  the  Fe-22Cr  series  alloys 
including  Crofer22  APU  are  promising  interconnect  alloys  for 
intermediate-temperature  SOFC,  as  the  mixed  Mn203/Ti02, 
(Mn,  Cr)304,  or  NiO  outer  layer  is  electrically  conductive  and 
could  suppress  the  Cr  evaporation  from  the  &2O3  inner  layer. 
While  these  oxide  layers  exhibited  an  overall  good  adherence 
with  the  C12O3  layer  after  2000  h  (20  cycles)  in  air  at  800  °C, 
longer  term  cyclic  oxidation  tests  should  be  conducted  to  fur¬ 
ther  assess  the  scale  spallation  resistance,  as  their  CTE  mismatch 
with  &2O3  might  lead  to  their  eventual  cracking/spallation  dur¬ 
ing  the  long-term  operation  lifetime  expected  for  the  SOFC 
stacks. 

5.  Conclusions 

Based  on  the  cyclic  oxidation  test  results  for  a  number  of 
alloys,  the  following  conclusions  can  be  drawn: 

( 1 )  For  the  Fe-22Cr  series  alloys  containing  Mn  and/or  Ti,  a  lay¬ 
ered  oxide  scale  structure  with  an  (Mn,  Cr)304  spinel  layer 
atop  a  &203  inner  layer  can  be  thermally  grown  on  the 
substrate  alloys  after  the  oxidation  test.  A  higher  Ti  content 
(0.3  wt.%)  promoted  the  formation  of  a  mixed  MmCL/TiCh 
top  layer  which  was  free  of  Cr,  and  therefore  could  poten¬ 
tially  further  reduce  the  Cr  evaporation  rate  from  the  ferritic 
alloys. 

(2)  Although  the  oxidation  resistance  of  the  Fe-22Cr  series 
alloys  was  reduced  due  to  the  Ti  and  Mn  additions,  their 
scale  ASR  was  comparable  to  or  even  lower  than  that  for 
Ebrite.  The  scale  ASR  could  be  correlated  to  the  Ti  content 
in  these  alloys. 

(3)  High  alloy  purity  slightly  improved  the  oxidation  resistance 
of  the  ferritic  alloys,  and  drastically  reduced  the  voids  at  the 
interface  between  the  Cr203  scale  and  alloy  substrate. 

(4)  A  double-layer  oxide  structure  with  an  NiO  outer  layer  and 
a  Cr203  inner  layer  was  developed  on  Haynes  242  after 
cyclic  oxidation.  The  NiO  outer  layer  was  Cr-free,  and  there¬ 
fore  could  mitigate  the  Cr  evaporation  from  the  &2O3  inner 
layer.  Moreover,  Haynes  242  possessed  superior  oxidation 
resistance  and  the  lowest  scale  ASR  among  all  the  investi¬ 
gated  alloys. 

(5)  Longer  term  cyclic  oxidation  tests  are  needed  to  further 
assess  the  scale  spallation  resistance  of  these  alloys,  as  the 
mismatch  in  CTE  between  the  different  oxide  layers  in  the 
scale  (as  well  as  with  the  alloy  substrate)  might  cause  even¬ 
tual  cracking  and  spallation  of  the  Cr-blocking  outer  layer. 
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